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Abstract: Neurodegenerative diseases are normally distinguished as disorders with loss of neurons.
Various compounds are being tested to treat neurodegenerative diseases (NDs) but they possess
solitary symptomatic advantages with numerous side effects. Accumulative studies have been
conducted to validate the benefit of phytochemicals to treat neurodegenerative diseases including
Alzheimer’s disease (AD) and Parkinson’s disease (PD). In this present review we explored the
potential efficacy of phytochemicals such as epigallocatechin-3-galate, berberin, curcumin, resveratrol,
quercetin and limonoids against the most common NDs, including Alzheimer’s disease (AD) and
Parkinson’s disease (PD). The beneficial potentials of these phytochemicals have been demonstrated
by evidence-based but more extensive investigation needs to be conducted for reducing the
progression of AD and PD.
Keywords: phytochemicals; neurogenerative disease; curcumin; EGCG; resveratrol; limonoids
1. Introduction
Neurodegenerative diseases (NDs) have become a menace in the 21st century and currently
there is no effective treatment to cure these types of diseases. Neurodegenerative diseases are more
prevalent in the old age population. Occurrence of NDs is increasing all over the word due to increased
proportion of old age population. Development of NDs in old age people is systematic and finally
leads to death. The most common NDs observed in elderly people are Alzheimer’s disease (AD) and
Parkinson’s disease (PD), in which dementia is associated with AD and movement disorder in patients
with PD.
Neurodegenerative diseases such as AD, PD, Huntington’s disease (HD), and multiple sclerosis
(MS) fall under the umbrella of neurological disorders along with neurotraumatic disorders [1,2].
Genetic and environmental factors also play an important role in the progression of neurodegenerative
diseases (Figure 1). Common pathological features of these neurodegenerative diseases are oxidative
stress, accumulation of certain aggregated proteins and neuroinflammation [3]. These stimuli
through extracellular receptors embedded in the plasma membrane, and neurotrophins causes
cellular stress and induce production and release of brain-derived neurotrophic factor (BDNF),
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and activation of tropomyosin-related kinase (TrkB) receptor family and other downstream protein
kinases (Figure 2) [4,5]. Neurotrophins are essential for the survival, maintenance, and regeneration of
specific neuronal populations in the brain [6]. Neurotrophin expression has a strong correlation with
neurodegenerative disease occurrence [7]. Mammalian neurotrophins, such as nerve growth factor
(NGF), brain-derived neurotrophic factor (BDNF), neurotrophin-3 (NT-3), and neurotrophin-4/5
(NT-4/5) are found to play an vital role in maintenance of neurons in CNS and PNS [8].
Neurotrophins were properly recognized as promoters of neuron survival and various bodies of
evidence have been suggested that NDs are caused via rampant decline in neurotrophin levels [9].
Thereby, neurotrophins have become important targets for phytochemicals against ND. The mechanism
by which neurotrophins prevent neuron degeneration is by binding and activating the Trk receptor
family which is present in the plasma membrane. The neurotrophins bind to Trk receptors and
consequently constitute a growth-promoting microenvironment for neurons [10]. Once this binding
occurs, activation of various intracellular signaling pathways like ERK and PI3k/AKT which promote
cell survival and help in rescue of neurons from neurodegeneration happens. In addition to
signaling pathway activation, neurotrophin also promotes Bcl-2 gene expression, which acts as
an intracellular apoptosis inhibitor. There is gradual degeneration of neurons in the absence of
binding of neurotrophins to the Trk receptor family. Combating neurodegeneration by administrating
neurotrophins is an effective way to overcome this disease; however getting across the blood brain
barrier (BBB) remains one the greatest challenge to treat central nervous system disorders.
Figure 1. Various factors involved in progression of neurodegenerative disease.
Different symptoms and neurological signs such as dementia and motor disorders are observed
in the patients with NDs. Interestingly, most of these signs and symptoms are observed to be common
for the NDs like AD, PD and HD [11]. Early detection of neurodegeneration can provide a chance
for an early treatment that may be helpful to prevent further progression of the disease [12–14].
Inhibition of NMDA receptor can prevent/delay AD; memantine and namzaric are the drugs used for
treating AD patients, which act as an antagonist for NMDA receptor [15]. Recently, Axona is used for
AD treatment, which acts as an alternative energy source [16]. Various drugs are used for treating PD,
including apomorphine hydrochloride, rotigotine, ropinirole and levodopa [17]. Levopoda prevents
PD symptoms mainly associated to bradykinesia [18]. Tolcapone, catechol-O-methyl-transferase
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inhibitor treatment along with levopoda can increase the levopoda concentration in plasma [19].
Rotigotine is recommended for advanced stages of PD [20], whereas ropinirole is used for early
stages [21]. Current treatment strategies for NDs are only associated with symptomatic relief. They can
only get rid of positive and negative symptoms developed owing to neurodegeneration rather than
curbing their progression. Although, drugs are available in treating the symptoms associated with
the ND, therapeutics or preventive medicines for curing/preventing neurodegeneration are not
available [22]. so the problem of how to treat these diseases still persists [23].
Thus it is necessary to develop new and more effective therapeutic strategies to combat these
devastating diseases. Fighting chronic disease by phytochemicals or herbal medicine has become a hot
topic recently, and numerous studies using phytochemicals for treating NDs have been published [6].
This review emphasizes the importance of phytochemicals (Figure 3) in Alzheimer’s disease (AD) and
Parkinson’s disease (PD), in particular the potential mechanism of action of these natural compounds.
Figure 2. Two sites action of phytochemicals on alleviating progression of neurodegenerative diseases.
Activation of TrkB receptor by BDNF or Phytochemicals induces PI3K/Akt kinase signalling and Ras,
Raf and ERK pathways resulting in protecting neurons from degeneration. BDNF activates transcription
factor-CREB which further induces the expression of Arc (synaptic plasticity), PGC-1α (cellular energy
metabolism) and APE1 (DNA repair enzyme).
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Figure 3. Structures of representative phytochemicals (epigallocatechin-3-galate, berberin, curcumin,
resveratrol, quercetin, limonoids).
2. Overview of Phytochemicals
Nowadays, there is pressing need for daily consumption of fruits and vegetables because they
are full of phytochemicals [24]. Phytochemicals are naturally found and they are shown to have
protective action against oxidative stress and neuroinflammation, which are major hallmarks of
NDs [25]. Common phytochemicals which we come across in our daily lives are curcumin, quercetin,
diallyl trisulfide, flavonoids and epigallocatechin-3-galate (EGCG). Phytochemicals induces immune
system, decreases platelet aggregationand regulates hormone metabolism [3].
One group of researchers has proposed that greater consumption of olive oil-containing
Mediterranean diet results in a significant improvement in health status, as seen by a significant
reduction in overall mortality (13%) in PD and AD patients [26]. Cumulative evidences have shown
that phytochemicals as nutraceuticals can alleviate the condition of NDs but the underlying mechanism
is completely unknown. One study has claimed that phytochemicals improve the condition by their
anti-oxidative and radical scavenging capacity [27]. Cellular targets of phytochemicals are not known,
but it is hypothesized that these compounds cannot perform their function by only regulating enzyme
metabolism and gene expression, and they might be activating stress response pathways which the
cells will use as a shield [28]. Another hypothesis is that phytochemicals act as a ligand, binding to
particular receptors on cell membranes or nuclei, subsequently participating in a downward signal
transduction pathway and exhibiting their anti-oxidant effect [29].
2.1. Neuroprotective Potential of Phytochemicals
2.1.1. Epigallocatechin-3-Galate
The most widely found polyphenol in tea leaves is epigallocatechin-3-galate (EGCG) and in the
past few decades, it has caught the eye of everyone due to its potential in delaying the degeneration
of neurons. The incidence of NDs is inversely correlated with tea consumption [30]. Many research
studies have been carried out in AD models where EGCG was administered. In one of these studies,
a drug called D-gal was administered to AD models and it drastically reduced amyloid plaques [31–33].
Another research group has suggested that by administering EGCG, β- and γ-secretases were
decreased by inhibiting ERK and NF-κβ, thus preventing neuronal cell death [34]. Another study
suggested that by administering EGCG, amyloid plaques were reduced due to cleavage of APP by
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α-secretase [35]. In the case of PD, one study has suggested that adults who had three or more
cups of tea faced decreased risk of developing PD. It also found that the free radical scavenging
system is strengthened by increasing glutathione which in turn activates CREB and Bcl-2 which leads
to positive manifestations [36]. In PD, there is severe loss of tyrosine hydroxylase (TH) positive
cells and so one study has suggested that simultaneous intake of tea and EGCG prevented the loss
of these cells in substantia nigra [37]. All these results indicate that EGCG can be used as a care
treatment for ND. The molecular mechanism which EGCG inhibits neuronal cell death is by stopping
dopamine (DA) uptake and exerting neuroprotection. It carries out this function by acting on the
enzyme catechol-O-methyltransferase (COMT) which blocks the metabolism of DA. In addition to
it, α-synuclein aggregates are found in ND and EGCG is thought to regulate proteolytic cleavage of
α-synuclein converting it into a less toxic form [34,37].
On the other hand, the action of EGCG is concentration-dependent. Low concentrations of EGCG
exert neuroprotection while high concentrations of EGCG tend to have anti-proliferative effects and
prevent angiogenesis. [37]. EGCG is an important member of the catechol family with a 3,4,5 trihydroxy
B ring, due to which it exhibits anti-oxidant effects and nullifies radicals [38]. The pathway through
which EGCG exhibits anti-oxidant properties is the Nrf2/ARE system [39]. In one study, it has been
found that it activates two radical scavenging enzymes, SOD and catalase [38,40].
The reason why EGCG offers a promising solution is because of its ability to cross the BBB and its
metal chelating properties. It has been observed in one study that EGCG prevents iron-dependent
α-synuclein aggregation and restores DA neurons [41]. After conducting many clinical studies, the fact
has been established that it inhibits cytochrome p450 and is responsible for lipid peroxidation in vitro
as well as in vivo [42,43]. At low concentrations, it prevents oxidation while at higher concentrations it
exhibits pro-oxidant properties [44].
In SH-SY5Y cells, EGCG exhibits neuroprotection by playing a critical role in the intracellular
signaling pathway of protein kinase C (PKC) and it is observed that PKC inhibitors participate
in the mode of neuroprotection by EGCG. EGCG inhibits the neurotoxin 6-hydroxydopamine
(6-OHDA) by activating phosphorylation of protein kinase C (PKC) [37]. Not only the PKC signaling
pathway, but other pathways like PI3k/Akt, MAPK, and pathways regulating calcium influx are also
activated [45,46]. In one study, it has been observed that EGCG does not phosphorylate ERK1/ERK2
but it participates in a decrease in ERK1/2 levels caused due to oxidative stress [47].
There is close relationship between inflammation and neurodegenerative diseases and EGCG
reduces inflammation by reducing the expression of inflammatory molecules in IL1β, TNF and
TGB [48,49]. However, contradictory results were observed when high concentrations of EGCG were
administered. At higher concentrations, it increases expression of the inflammatory molecules TNF
and IL6 as compared to a lower dose at which it offers neuroprotection. The exact mechanism of how
EGCG exerts anti-inflammatory properties thus is still unknown [50].
2.1.2. Berberine
Various studies in neurodegenerative models have suggested that berberine confers
neuroprotection by regulating neurotrophin levels [51,52]. It has also been described that berberine is
able to stop the activity of various enzymes involved in the progression of AD [53]. Various in vitro
studies were carried out in which neurotoxicity was induced through glutamate, H2O2 and a reduced
oxygen environment created by cobalt chloride. In these in vitro studies, it was confirmed that
berberine is able to save neuronal cells from neurotoxicity [53–55]. Berberine has also been found to
be useful in the treatment of hypoxia induced by cobalt chloride. In this particular condition, it acts
as a scavenger of reactive oxygen species (ROS) generated due to the hypoxic conditions, which in
turn suppresses various apoptosis-promoting agents, thus conferring neuroprotection [56]. However,
Kwon et al. have reported that berberine has profound side effects, which include a decline in DA
neurons due to the cytotoxicity of 6-hydroxydopamine [57].
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Berberine exhibits neuroprotective effects by activation of the PI3K/Akt/Nrf2 pathway by
scavenging radicals. Moreover, it has been observed that berberine exhibits anti-apoptotic effects by
reducing the expression of caspase 1 and 3, bax as well as upregulation of Bcl-2 [58]. One study by
Hsu et al. has shown that berberine administration prevents hydrogen peroxide-induced neurotoxicity
by reducing the expression of p53, caspase, cyclin D1 and increasing the expression of Bad [59]. It has
been shown that berberine when administered at nanomolar concentration it promotes cell survival
and reduces oxidative stress by downregulating various factors such as cytochrome c, Bax and caspase.
In the case of ischemic stroke, it has been observed that administration of berberine can protect by
inhibiting potassium currents [60].
In other clinical study, it has been observed that berberine administration reduces superoxide
dismutase and cholineacetyl transferase in neurodegenerative animal models [58]. However,
many studies have also shown that berberine, when administrated for longer periods, is responsible
for loss of dopaminergic neurons in substantia nigra [57,61,62]. It has been suggested that berberine
protects against ischemic stroke by scavenging radical species, or in other words, reducing oxidative
stress [63]. In an AD rat model, administration of berberin restores memory function and levels of
brain-derived neurotrophic factor, takes care of cholinergic enzyme, and decreases the expression
of inflammatory molecules [52]. There is one suggestion that berberine works through the NMDA
receptor and confers neuroprotection. In this study, berberine exceeding 1 µM reduced neuronal
viability in a caspase-independent manner by early alterations of mitochondrial function and
morphology. Inhibition of NMDA receptors by memantine and MK-801 completely blocked
berberine-induced neurotoxicity [64]. Berberine also exhibits anti-apoptotic properties by decreasing
the expression of p53 and HIF-1α which are thought to be main mechanisms to prevent apoptosis by
administration of berberine [56]. Berberine is thought to alleviate the damages caused by the ischemic
stroke by reduced expression of NeuN, laminin, MMP 9 and gelatinase activity [65]. Berberine is
thought to have promising role as therapeutics for Alzheimer’s disease because it can solubilize
β-amyloid plaques in mice models [58].
2.1.3. Curcumin
Curcumin is one of the important constituents of turmeric, which holds a prominent place among
Indian spices. Curcumin has various medicinal properties and therefore it is used in the treatment
of diabetes, biliary disorders, cough and hepatic disorders [66–69]. One of the mechanisms that has
been suggested for curcumin is that it has ability to bind to amyloid plaques by inhibiting NF-κβ
thus reducing the pathogenesis of AD [66]. This was checked in an experiment in which around 214
compounds having anti-oxidant properties were checked and curcumin was found to have the highest
affinity towards amyloid plaques [70]. Cognitive impairments were improved in aged mice due to
an increase in CREB and BDNF levels caused by administration of curcumin [66]. It has also been shown
that curcumin helps in regenerating neurons by activating Trk/PI3K signaling pathways which elevate
BDNF levels in a PD model [71]. Curcumin is thought to function by reducing TNF-α and caspase levels
and simultaneously elevating BDNF levels [66,72]. In recent studies, curcumin nanoparticles have
also been prepared, which alleviate the condition of cognitive impairment by recovering BDNF levels
via Akt/GSK-3β signaling pathways [73]. Curcumin offers a promising safe and cheap preventive
measure for ND because it acts on various molecular aspects of these diseases.
The current research focuses on finding of curcumin derivatives that will have more lipophilic
properties to help them cross the BBB and will have more affinity for amyloid plaques [74].
Recent research has also shown that curcumin reduced amyloid plague formation in vivo and in
cell cultures [75]. In one study conducted by Zhang et al., it was shown that curcumin not only
disrupts Aβ levels but it also prevents maturation of amyloid-β precursor protein (APP) in mouse
neurons [76]. The mechanism through which curcumin protects from Aβ plaques is by inhibition
of NF-κB. Not only is curcumin active against AD, but curcumin also able to protect from PD by
destabilization of α-synuclein protein [72].
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Inflammation worsens the case in case of NDs and curcumin tends to reduce the expression
of IL-6 and TNF-α. It has been found that brain macrophages loses their functionality in AD and
cannot phagocytose properly [77]. Surprisingly, it has been found that curcumin restores phagocytosis
and was able to clear amyloid plaques in the microglial cell line N9 [78]. In research studies, it has
been found that amyloid plaques in AD patients contain iron and their presence is also responsible
for generating advanced glycation end-products (AGEs), free radicals, oxidation of proteins and
DNA, lipid peroxidation, etc. and in vitro studies have shown that curcumin shows affinity for this
metal [72]. PD models can be generated by 6-OHDA and 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine
(MPTP) and curcumin alleviates conditions in these models by inhibition of ROS [71,79]. It is seen that
curcumin inhibits the JNK pathway in MPTP- and MPP-induced neurotoxicity in animal models [80].
The effect of curcumin has been studied in fruit fly models and it has been shown that curcumin
improves lifespan and locomotion in different fruit fly AD models [81].
In the case of mammals, Aβ-expressing mice were prepared and curcumin was administered
to these mice [82]. It was found that curcumin alleviated ND by scavenging ROS, disrupts amyloid
plaques, exhibits anti-inflammatory and anti-apoptotic effects [83]. Recently, one study has found
that curcumin can prevent aggregation of Huntington protein in an animal model when administered
at a concentration of 500 ppm [84]. Curcumin has been found to impart many benefits in vitro
and it was shown to significantly improve the lifespan in Drosophila and C. elegans but it shows
no improvement in mice [85,86]. One of the main problems associated with curcumin is its poor
bioavailability, which could be addressed by changing the chemical structure of curcumin or by
conjugation of curcumin with lipophilic compounds [87].
2.1.4. Resveratrol
It is a phenolic compound which is found in grapes, peanuts, wine and tea. It is called
a “miracle” molecule because it exhibits antioxidant and anti-inflammatory properties with regards
to ND [88]. Various cognitive defects that were induced in rat models were reversed following
the treatment of resveratrol by inhibiting TNF-α and IL-1β levels and elevating BDNF levels in the
hippocampus [88]. Further studies indicated that resveratrol increases IL-10 levels which promotes
anti-inflammation by inhibiting TNF-α and NF-κβ levels. ERK1-2/CREB signaling pathways were
activated, which promotes the survival of neurons by increasing the secretion of BDNF and GDNF
levels after administration of resveratrol [88,89].
During ND, glial cells are activated releasing inflammatory cytokines and various neurotoxic
molecules such as nitric oxide, superoxide, etc. Resveratrol confers neuroprotection by suppressing the
activation of glial cells [89]. In one study, it has been found that in the model prepared by administering
streptozotocin, resveratrol succeeds in restoring cognitive functions [90]. Resveratrol is found to have
a role in destabilizing plaques and it prevents the formation of plaques [91]. In one recent study, it was
observed that resveratrol prevents neurotoxicity caused by 6-OHDA by activation of SIRT-1 which was
lost in the presence of inhibitor of SIRT1 i.e., sirtinol [92]. This is because resveratrol and SIRT-1 are both
important to prevent neuronal death and resveratrol performs its function by preventing deacetylation
of substrates of SIRT 1 i.e., p53 and PGC-1α [93]. Resveratrol displays neuroprotective effects in
rotenone-induced PD cellular models through activation of the AMPK-SIRT1-autophagy pathway [94].
The anti-inflammatory and anti-oxidative properties of resveratrol have been thoroughly studied
since last few years [95–98], but recently the activation of SIRT-1 and vitagenes by resveratrol has caught
fire [93]. One study has shown that resveratrol works in the same way as calorie restriction works
in increasing longevity [99]. The molecular mechanism of resveratrol is by deacetylation of PGC-1α
and activation of PPAR [100]. The activation of PPAR leads to activation of catalase gene through
PI3K/Nrf/keap pathway [101]. Resveratrol offers neuroprotective effects by inducing mitochondrial
biogenesis by activation of AMPK [94]. Reactive oxygen species are identified as one of the major
causes of neurodegeneration, which is caused to NADPH oxidase and mitochondrial dysfunction [102].
All these studies demonstrate that resveratrol offers a promising solution for NDs.
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2.1.5. Quercetin
Flavanoids are found in various fruits and vegetables and constitute a large heterogenic group
of benzo-ç-pyrone derivatives. It has been reported that phenolic phytochemicals protect from
complicated diseases like cancer, hepatic disorder and NDs [103–105]. Flavanoids are widely
studied because of their anti-oxidant and free radical scavenging properties and quercetin is being
widely studied for anti-proliferative capacity [106]. Cell viability was significantly decreased when
phenochromocytoma cells (PC12) were incubated with hydrogen peroxide, but when PC12 were
reincubated with quercetin, it protected the cells from H2O2-induced toxicity although quercetin
acted in a dose-dependent manner [107]. Neuroprotective effects of quercetin were observed at
a lowest concentration of 10 µM and at a highest of 30 µM. It has also been reported that quercetin can
cross the BBB and prevents cytotoxicity induced by H2O2 [107]. Activity of kinases is regulated by
quercetin which in turn modulates cellular function and gene expression. It has been demonstrated
that the properties of quercetin depend on the arrangement of functional groups quercetin only
has one disposition – if different it is not quercetin anymore [108]. The effect of quercetin depends
on the cell type and exposure time and concentrations higher than 100 µM exhibited apoptotic,
anti-proliferative, cytotoxic and genotoxic activities. NF-κB is found to be regulated by quercetin which
could lead to improvement in inflammatory processes involved in NDs [109]. It has also been reported
that protein kinases and lipid kinases such as phosphoinositide 3-kinase (PI3-kinase), Akt/PKB,
tyrosine kinases, protein kinase C (PKC), and MAP kinases were also modulated by quercetin [109].
This is helpful because it changes the phosphorylation state of the target molecules thus deciding
the cellular fate. It has been reported that quercetin stimulates the activation of pro-apoptotic and
potentially anti-apoptotic pathways [110]. It has also been shown that biogenesis of mitochondria is
enhanced by quercetin and this is important because mitochondrial dysfunction leads to neuronal
degeneration by depletion of cellular ATP levels and ROS generation. Thus, quercetin protects from
neurodegeneration by mitochondria targeted effects [109]. However, the absorption and metabolism
steps after quercetin uptake raise many questions as to whether quercetin can be applicable to in vivo
neuroprotection and much research is needed to establish its potential use in acute neurodegeneration
conditions [111].
2.1.6. Limonoids
Limonoids are highly oxygenated compounds and sparsely distributed in the plant kingdom.
Melia toosendan, of the family Meliaceae, is bitter owing to an abundance of limonoids and the extract
of this plant induces neuronal growth similar to NGF which functions through ERK and protein kinase
A (PKA) [112]. The three limonoid compounds (dregeanin DM4, rohituka 3 and trichilia lactone D5)
studied in this work were isolated from seeds of Trichilia welwitschii [113].
In one study, it has been found that limonoids promote neuronal differentiation and growth
by increasing NGF levels in a PC12 rat cell line [112]. Extract of the plant Melia toosendan contains
limonoid compounds which promote neurite growth similar to NGF [114]. However, it was also found
in this study that when the PC12 rat cell line was exposed to PKA inhibitors, it hampers the pathway
involved in neuronal growth like the PKA and ERK pathways [115]. Limonoids promote neuronal
differentiation through activation of ERKs and PKA [112]. The extract of Melia toosendan was more
successful in promoting growth as compared to that of NGF. However, in that study it was found
that extract of this plant did not activate Ras/Raf1 but it is dependent on PKA/MEK activation [115].
In PC12 differentiation, p38 MAPK plays an important role but when it was inhibited, it did not affect
the action of Melia toosendan extract [115]. PKA gets activated by accumulation of cAMP but activation
of PKA by limonoids does not depend on accumulation of cAMP [116]. However, there might be
a case where Melia toosendan extract might contain ingredients which act like cAMP and cAMP that
might be accumulating at low levels and are not detectable [115]. Further investigations are needed to
further demonstrate the up-regulation or down-regulation in the expression of certain genes following
administration of limonoid compounds.
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3. Conclusions
This review discusses some of the most commonly used naturally available phytochemicals that
can be used to treat neurodegenerative diseases. These phytochemicals protect against neuronal
damage and this review explains various pathways through which these phytochemicals protect
against NDs. The potential benefits of these phytochemicals have been well studied, but more
extensive studies need to be conducted in order to establish the long term effects and efficacy of using
phytochemicals as therapeutics for neurodegenerative diseases.
Author Contributions: Conceptualization, B.K.V.; writing—B.R., B.P.L., C.-F.W.; writing—review and editing,
B.R., C.-F.W.; V.T.; visualization, B.P.L.; supervision, C.-F.W., B.K.V.
Funding: This research received no external funding.
Conflicts of Interest: The authors declare no conflict of interest.
References
1. Helman, A.M.; Murphy, M.P. Vascular cognitive impairment: Modeling a critical neurologic disease in vitro
and in vivo. Biochim. Biophys. Acta 2016, 1862, 975–982. [CrossRef] [PubMed]
2. Winner, B.; Kohl, Z.; Gage, F.H. Neurodegenerative disease and adult neurogenesis. Eur. J. Neurosci. 2011,
33, 1139–1151. [CrossRef] [PubMed]
3. Farooqui, A.A. Effect of lifestyle, aging, and phytochemicals on the onset of neurological disorders.
In Phytochemicals, Signal Transduction, and Neurological Disorders; Springer: New York, NY, USA, 2012;
pp. 1–29.
4. Marini, A.M.; Jiang, X.; Wu, X.; Tian, F.; Zhu, D.; Okagaki, P.; Lipsky, R.H. Role of brain-derived neurotrophic
factor and NF-Kappab in neuronal plasticity and survival: From genes to phenotype. Restor. Neurol. Neurosci.
2004, 22, 121–130. [PubMed]
5. Barbacid, M. The Trk family of neurotrophin receptors. J. Neurobiol. 1994, 25, 1386–1403. [CrossRef] [PubMed]
6. Venkatesan, R.; Ji, E.; Kim, S.Y. Phytochemicals that regulate neurodegenerative disease by targeting
neurotrophins: A comprehensive review. BioMed. Res. Int. 2015, 2015, 814068. [CrossRef] [PubMed]
7. Cho, T.; Ryu, J.K.; Taghibiglou, C.; Ge, Y.; Chan, A.W.; Liu, L.D.; Lu, J.; McLarnon, J.G.;
Wang, Y.T. Long-term potentiation promotes proliferation/survival and neuronal differentiation of neural
stem/progenitor cells. PLoS ONE 2013, 8, e76860. [CrossRef] [PubMed]
8. Reichardt, L.F. Neurotrophin-regulated signalling pathways. Philos. Trans. R. Soc. Lond. B Biol. Sci. 2006,
361, 1545–1564. [CrossRef] [PubMed]
9. Dawbarn, D.; Allen, S.J. Neurotrophins and neurodegeneration. Neuropathol. Appl. Neurobiol. 2003, 29, 211–230.
[CrossRef] [PubMed]
10. Huang, E.J.; Reichardt, L.F. Neurotrophins: Roles in neuronal development and function. Annu. Rev. Neurosci.
2001, 24, 677–736. [CrossRef] [PubMed]
11. Sampson, E.L.; Blanchard, M.R.; Jones, L.; Tookman, A.; King, M. Dementia in the acute hospital:
Prospective cohort study of prevalence and mortality. Br. J. Psychiatry 2009, 195, 61–66. [CrossRef] [PubMed]
12. Chung, S.; Sonntag, K.C.; Andersson, T.; Bjorklund, L.M.; Park, J.J.; Kim, D.W.; Kang, U.J.; Isacson, O.;
Kim, K.S. Genetic engineering of mouse embryonic stem cells by Nurr1 enhances differentiation and
maturation into dopaminergic neurons. Eur. J. Neurosci. 2002, 16, 1829–1838. [CrossRef] [PubMed]
13. Olanow, C.W.; Stern, M.B.; Sethi, K. The scientific and clinical basis for the treatment of Parkinson disease.
Neurology 2009, 72, S1–S136. [CrossRef] [PubMed]
14. Winblad, B.; Jelic, V. Long-term treatment of Alzheimer disease: Efficacy and safety of acetylcholinesterase
inhibitors. Alzheimer Dis. Assoc. Disord. 2004, 18 (Suppl. 1), S2–S8. [CrossRef] [PubMed]
15. Roberson, E.D.; Mucke, L. 100 years and counting: Prospects for defeating Alzheimer’s disease. Science 2006,
314, 781–784. [CrossRef] [PubMed]
16. Sharma, A.; Bemis, M.; Desilets, A.R. Role of medium chain triglycerides (Axona®) in the treatment of mild
to moderate Alzheimer’s disease. Am. J. Alzheimers Dis. Other Dement.® 2014, 29, 409–414. [CrossRef]
[PubMed]
Molecules 2018, 23, 2485 10 of 15
17. Ondo, W.; Hunter, C.; Almaguer, M.; Jankovic, J. A novel sublingual apomorphine treatment for patients
with fluctuating Parkinson’s disease. Mov. Disord. 1999, 14, 664–668. [CrossRef]
18. Jankovic, J. Levodopa strengths and weaknesses. Neurology 2002, 58, S19–S32. [CrossRef] [PubMed]
19. Kaakkola, S.; Gordin, A.; Mannisto, P.T. General properties and clinical possibilities of new selective inhibitors
of catechol O-methyltransferase. Gen. Pharmacol. 1994, 25, 813–824. [CrossRef]
20. Jankovic, J.; Watts, R.L.; Martin, W.; Boroojerdi, B. Transdermal rotigotine: Double-blind, placebo-controlled
trial in Parkinson disease. Arch. Neurol. 2007, 64, 676–682. [CrossRef] [PubMed]
21. Korczyn, A.D.; Brunt, E.R.; Larsen, J.P.; Nagy, Z.; Poewe, W.H.; Ruggieri, S. A 3-year randomized trial of
ropinirole and bromocriptine in early Parkinson’s disease. The 053 study group. Neurology 1999, 53, 364–370.
[CrossRef] [PubMed]
22. Chen, X.; Pan, W. The treatment strategies for neurodegenerative diseases by integrative medicine.
Integr. Med. Int. 2014, 1, 223–225. [CrossRef]
23. Mizuno, Y. Recent research progress in and future perspective on treatment of Parkinson’s disease.
Integr. Med. Int. 2014, 1, 67–79. [CrossRef]
24. Somani, S.J.; Modi, K.P.; Majumdar, A.S.; Sadarani, B.N. Phytochemicals and their potential usefulness in
inflammatory bowel disease. Phytother. Res. 2015, 29, 339–350. [CrossRef] [PubMed]
25. Kim, J.; Lee, H.J.; Lee, K.W. Naturally occurring phytochemicals for the prevention of Alzheimer’s disease.
J. Neurochem. 2010, 112, 1415–1430. [CrossRef] [PubMed]
26. Sofi, F.; Cesari, F.; Abbate, R.; Gensini, G.F.; Casini, A. Adherence to mediterranean diet and health status:
Meta-analysis. BMJ 2008, 337, a1344. [CrossRef] [PubMed]
27. Nikolova, M. Screening of radical scavenging activity and polyphenol content of Bulgarian plant species.
Pharmacogn. Res. 2011, 3, 256–259. [CrossRef] [PubMed]
28. Martin, D.; Rojo, A.I.; Salinas, M.; Diaz, R.; Gallardo, G.; Alam, J.; De Galarreta, C.M.; Cuadrado, A. Regulation of
heme oxygenase-1 expression through the phosphatidylinositol 3-kinase/Akt pathway and the Nrf2 transcription
factor in response to the antioxidant phytochemical carnosol. J. Biol. Chem. 2004, 279, 8919–8929. [CrossRef]
[PubMed]
29. Si, H.; Liu, D. Phytochemical genistein in the regulation of vascular function: New insights. Curr. Med. Chem.
2007, 14, 2581–2589. [CrossRef] [PubMed]
30. Pervin, M.; Unno, K.; Ohishi, T.; Tanabe, H.; Miyoshi, N.; Nakamura, Y. Beneficial effects of green tea
catechins on neurodegenerative diseases. Molecules 2018, 23, 1297. [CrossRef] [PubMed]
31. Walker, J.M.; Klakotskaia, D.; Ajit, D.; Weisman, G.A.; Wood, W.G.; Sun, G.Y.; Serfozo, P.; Simonyi, A.;
Schachtman, T.R. Beneficial effects of dietary EGCG and voluntary exercise on behavior in an alzheimer’s
disease mouse model. J. Alzheimers Dis. 2015, 44, 561–572. [CrossRef] [PubMed]
32. Chan, S.; Kantham, S.; Rao, V.M.; Palanivelu, M.K.; Pham, H.L.; Shaw, P.N.; McGeary, R.P.; Ross, B.P.
Metal chelation, radical scavenging and inhibition of abeta42 fibrillation by food constituents in relation to
Alzheimer’s disease. Food Chem 2016, 199, 185–194. [CrossRef] [PubMed]
33. Wobst, H.J.; Sharma, A.; Diamond, M.I.; Wanker, E.E.; Bieschke, J. The green tea polyphenol
(-)-epigallocatechin gallate prevents the aggregation of tau protein into toxic oligomers at substoichiometric
ratios. FEBS Lett. 2015, 589, 77–83. [CrossRef] [PubMed]
34. Liu, M.; Chen, F.; Sha, L.; Wang, S.; Tao, L.; Yao, L.; He, M.; Yao, Z.; Liu, H.; Zhu, Z.; et al.
(-)-epigallocatechin-3-gallate ameliorates learning and memory deficits by adjusting the balance of
TrkA/p75NTR signaling in APP/PS1 transgenic mice. Mol. Neurobiol. 2014, 49, 1350–1363. [CrossRef]
[PubMed]
35. Smith, A.; Giunta, B.; Bickford, P.C.; Fountain, M.; Tan, J.; Shytle, R.D. Nanolipidic particles improve the
bioavailability and alpha-secretase inducing ability of epigallocatechin-3-gallate (EGCG) for the treatment of
Alzheimer’s disease. Int J. Pharm. 2010, 389, 207–212. [CrossRef] [PubMed]
36. Choi, J.Y.; Park, C.S.; Kim, D.J.; Cho, M.H.; Jin, B.K.; Pie, J.E.; Chung, W.G. Prevention of nitric
oxide-mediated 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine-induced Parkinson’s disease in mice by tea
phenolic epigallocatechin 3-gallate. Neurotoxicology 2002, 23, 367–374. [CrossRef]
37. Koh, S.H.; Kim, S.H.; Kwon, H.; Park, Y.; Kim, K.S.; Song, C.W.; Kim, J.; Kim, M.H.; Yu, H.J.;
Henkel, J.S.; et al. Epigallocatechin gallate protects nerve growth factor differentiated PC12 cells from
oxidative-radical-stress-induced apoptosis through its effect on phosphoinositide 3-kinase/Akt and glycogen
synthase kinase-3. Brain Res. Mol. Brain Res. 2003, 118, 72–81. [CrossRef] [PubMed]
Molecules 2018, 23, 2485 11 of 15
38. Kalaiselvi, P.; Rajashree, K.; Priya, L.B.; Padma, V.V. Cytoprotective effect of epigallocatechin-3-gallate against
deoxynivalenol-induced toxicity through anti-oxidative and anti-inflammatory mechanisms in HT-29 cells.
Food Chem. Toxicol. 2013, 56, 110–118. [CrossRef] [PubMed]
39. Han, J.; Wang, M.; Jing, X.; Shi, H.; Ren, M.; Lou, H. (-)-epigallocatechin gallate protects against cerebral
ischemia-induced oxidative stress via Nrf2/ARE signaling. Neurochem. Res. 2014, 39, 1292–1299. [CrossRef]
[PubMed]
40. Srividhya, R.; Jyothilakshmi, V.; Arulmathi, K.; Senthilkumaran, V.; Kalaiselvi, P. Attenuation of
senescence-induced oxidative exacerbations in aged rat brain by (-)-epigallocatechin-3-gallate. Int J.
Dev. Neurosci. 2008, 26, 217–223. [CrossRef] [PubMed]
41. Bieschke, J.; Russ, J.; Friedrich, R.P.; Ehrnhoefer, D.E.; Wobst, H.; Neugebauer, K.; Wanker, E.E. EGCG
remodels mature alpha-synuclein and amyloid-beta fibrils and reduces cellular toxicity. Proc. Natl. Acad. Sci.
USA 2010, 107, 7710–7715. [CrossRef] [PubMed]
42. Schneider, L.S.; Mangialasche, F.; Andreasen, N.; Feldman, H.; Giacobini, E.; Jones, R.; Mantua, V.; Mecocci, P.;
Pani, L.; Winblad, B.; et al. Clinical trials and late-stage drug development for Alzheimer’s disease:
An appraisal from 1984 to 2014. J. Intern. Med. 2014, 275, 251–283. [CrossRef] [PubMed]
43. Mangialasche, F.; Solomon, A.; Winblad, B.; Mecocci, P.; Kivipelto, M. Alzheimer’s disease: Clinical trials
and drug development. Lancet Neurol. 2010, 9, 702–716. [CrossRef]
44. Castellano-Gonzalez, G.; Pichaud, N.; Ballard, J.W.; Bessede, A.; Marcal, H.; Guillemin, G.J.
Epigallocatechin-3-gallate induces oxidative phosphorylation by activating cytochrome c oxidase in human
cultured neurons and astrocytes. Oncotarget 2016, 7, 7426–7440. [CrossRef] [PubMed]
45. Chen, Y.; Huang, L.; Zhang, H.; Diao, X.; Zhao, S.; Zhou, W. Reduction in autophagy by
(-)-epigallocatechin-3-gallate (EGCG): A potential mechanism of prevention of mitochondrial dysfunction
after subarachnoid hemorrhage. Mol. Neurobiol. 2017, 54, 392–405. [CrossRef] [PubMed]
46. Ortiz-Lopez, L.; Marquez-Valadez, B.; Gomez-Sanchez, A.; Silva-Lucero, M.D.; Torres-Perez, M.;
Tellez-Ballesteros, R.I.; Ichwan, M.; Meraz-Rios, M.A.; Kempermann, G.; Ramirez-Rodriguez, G.B.
Green tea compound epigallo-catechin-3-gallate (EGCG) increases neuronal survival in adult hippocampal
neurogenesis in vivo and in vitro. Neuroscience 2016, 322, 208–220. [CrossRef] [PubMed]
47. Levites, Y.; Amit, T.; Youdim, M.B.; Mandel, S. Involvement of protein kinase c activation and cell
survival/cell cycle genes in green tea polyphenol (-)-epigallocatechin 3-gallate neuroprotective action.
J. Biol. Chem. 2002, 277, 30574–30580. [CrossRef] [PubMed]
48. Li, R.; Huang, Y.G.; Fang, D.; Le, W.D. (-)-epigallocatechin gallate inhibits lipopolysaccharide-induced
microglial activation and protects against inflammation-mediated dopaminergic neuronal injury.
J. Neurosci. Res. 2004, 78, 723–731. [CrossRef] [PubMed]
49. Cheng-Chung Wei, J.; Huang, H.C.; Chen, W.J.; Huang, C.N.; Peng, C.H.; Lin, C.L. Epigallocatechin gallate
attenuates amyloid beta-induced inflammation and neurotoxicity in EOC 13.31 microglia. Eur. J. Pharmacol.
2016, 770, 16–24. [CrossRef] [PubMed]
50. Rogers, J.; Perkins, I.; van Olphen, A.; Burdash, N.; Klein, T.W.; Friedman, H. Epigallocatechin gallate
modulates cytokine production by bone marrow-derived dendritic cells stimulated with lipopolysaccharide
or muramyldipeptide, or infected with legionella pneumophila. Exp. Biol. Med. (Maywood) 2005, 230, 645–651.
[CrossRef] [PubMed]
51. Ji, H.F.; Shen, L. Berberine: A potential multipotent natural product to combat Alzheimer’s disease. Molecules
2011, 16, 6732–6740. [CrossRef] [PubMed]
52. Durairajan, S.S.; Liu, L.F.; Lu, J.H.; Chen, L.L.; Yuan, Q.; Chung, S.K.; Huang, L.; Li, X.S.; Huang, J.D.; Li, M.
Berberine ameliorates beta-amyloid pathology, gliosis, and cognitive impairment in an Alzheimer’s disease
transgenic mouse model. Neurobiol. Aging 2012, 33, 2903–2919. [CrossRef] [PubMed]
53. Hsu, Y.Y.; Tseng, Y.T.; Lo, Y.C. Berberine, a natural antidiabetes drug, attenuates glucose neurotoxicity and
promotes Nrf2-related neurite outgrowth. Toxicol. Appl. Pharmacol. 2013, 272, 787–796. [CrossRef] [PubMed]
54. Pires, E.N.S.; Frozza, R.L.; Hoppe, J.B.; de Melo Menezes, B.; Salbego, C.G. Berberine was neuroprotective
against an in vitro model of brain ischemia: Survival and apoptosis pathways involved. Brain Res. 2014,
1557, 26–33. [CrossRef] [PubMed]
Molecules 2018, 23, 2485 12 of 15
55. Cui, H.S.; Matsumoto, K.; Murakami, Y.; Hori, H.; Zhao, Q.; Obi, R. Berberine exerts neuroprotective
actions against in vitro ischemia-induced neuronal cell damage in organotypic hippocampal slice cultures:
Involvement of b-cell lymphoma 2 phosphorylation suppression. Biol. Pharm. Bull. 2009, 32, 79–85.
[CrossRef] [PubMed]
56. Zhang, Q.; Qian, Z.; Pan, L.; Li, H.; Zhu, H. Hypoxia-inducible factor 1 mediates the anti-apoptosis of
berberine in neurons during hypoxia/ischemia. Acta Physiol. Hung. 2012, 99, 311–323. [CrossRef] [PubMed]
57. Kwon, I.H.; Choi, H.S.; Shin, K.S.; Lee, B.K.; Lee, C.K.; Hwang, B.Y.; Lim, S.C.; Lee, M.K. Effects of
berberine on 6-hydroxydopamine-induced neurotoxicity in pc12 cells and a rat model of Parkinson’s
disease. Neurosci. Lett. 2010, 486, 29–33. [CrossRef] [PubMed]
58. Asai, M.; Iwata, N.; Yoshikawa, A.; Aizaki, Y.; Ishiura, S.; Saido, T.C.; Maruyama, K. Berberine alters
the processing of Alzheimer’s amyloid precursor protein to decrease abeta secretion. Biochem. Biophys.
Res. Commun. 2007, 352, 498–502. [CrossRef] [PubMed]
59. Hsu, Y.Y.; Chen, C.S.; Wu, S.N.; Jong, Y.J.; Lo, Y.C. Berberine activates Nrf2 nuclear translocation and protects
against oxidative damage via a phosphatidylinositol 3-kinase/akt-dependent mechanism in NSC34 motor
neuron-like cells. Eur. J. Pharm. Sci. 2012, 46, 415–425. [CrossRef] [PubMed]
60. Maleki, S.N.; Aboutaleb, N.; Souri, F. Berberine confers neuroprotection in coping with focal cerebral ischemia
by targeting inflammatory cytokines. J. Chem. Neuroanat. 2018, 87, 54–59. [CrossRef] [PubMed]
61. Kim, M.; Cho, K.H.; Shin, M.S.; Lee, J.M.; Cho, H.S.; Kim, C.J.; Shin, D.H.; Yang, H.J. Berberine prevents
nigrostriatal dopaminergic neuronal loss and suppresses hippocampal apoptosis in mice with Parkinson’s
disease. Int. J. Mol. Med. 2014, 33, 870–878. [CrossRef] [PubMed]
62. Shin, K.S.; Choi, H.S.; Zhao, T.T.; Suh, K.H.; Kwon, I.H.; Choi, S.O.; Lee, M.K. Neurotoxic effects of berberine
on long-term L-DOPA administration in 6-hydroxydopamine-lesioned rat model of Parkinson’s disease.
Arch. Pharm Res. 2013, 36, 759–767. [CrossRef] [PubMed]
63. Kim, M.; Shin, M.S.; Lee, J.M.; Cho, H.S.; Kim, C.J.; Kim, Y.J.; Choi, H.R.; Jeon, J.W. Inhibitory effects
of isoquinoline alkaloid berberine on ischemia-induced apoptosis via activation of phosphoinositide
3-kinase/protein kinase b signaling pathway. Int. Neurourol. J. 2014, 18, 115–125. [CrossRef] [PubMed]
64. Kysenius, K.; Brunello, C.A.; Huttunen, H.J. Mitochondria and NMDA receptor-dependent toxicity of
berberine sensitizes neurons to glutamate and rotenone injury. PLoS ONE 2014, 9, e107129. [CrossRef]
[PubMed]
65. Hong, J.S.; Chu, Y.K.; Lee, H.; Ahn, B.H.; Park, J.H.; Kim, M.J.; Lee, S.; Ryoo, H.S.; Jang, J.H.; Lee, S.R.; et al.
Effects of berberine on hippocampal neuronal damage and matrix metalloproteinase-9 activity following
transient global cerebral ischemia. J. Neurosci. Res. 2012, 90, 489–497. [CrossRef] [PubMed]
66. Nam, S.M.; Choi, J.H.; Yoo, D.Y.; Kim, W.; Jung, H.Y.; Kim, J.W.; Yoo, M.; Lee, S.; Kim, C.J.; Yoon, Y.S.;
et al. Effects of curcumin (curcuma longa) on learning and spatial memory as well as cell proliferation and
neuroblast differentiation in adult and aged mice by upregulating brain-derived neurotrophic factor and
creb signaling. J. Med. Food 2014, 17, 641–649. [CrossRef] [PubMed]
67. Soleimani, H.; Amini, A.; Taheri, S.; Sajadi, E.; Shafikhani, S.; Schuger, L.A.; Reddy, V.B.; Ghoreishi, S.K.;
Pouriran, R.; Chien, S.; et al. The effect of combined photobiomodulation and curcumin on skin wound
healing in type I diabetes in rats. J. Photochem. Photobiol. B 2018, 181, 23–30. [CrossRef] [PubMed]
68. Kang, Q.H.; Chen, A.P.; Mehta, J.L. Curcumin inhibits Ox-LDL-Activated Hepatic Stellate cells in vitro
by suppressing gene expression of lectin-like oxidized-LDL receptor via activation of peroxisome
proliferator-activated receptor-gamma. Gastroenterology 2008, 134, A-779. [CrossRef]
69. El-Bahr, S.M. Effect of curcumin on hepatic antioxidant enzymes activities and gene expressions in rats
intoxicated with aflatoxin b1. Phytother. Res. 2015, 29, 134–140. [CrossRef] [PubMed]
70. Kim, H.; Park, B.S.; Lee, K.G.; Choi, C.Y.; Jang, S.S.; Kim, Y.H.; Lee, S.E. Effects of naturally occurring
compounds on fibril formation and oxidative stress of beta-amyloid. J. Agric. Food Chem. 2005, 53, 8537–8541.
[CrossRef] [PubMed]
71. Yang, J.Q.; Song, S.L.; Li, J.; Liang, T. Neuroprotective effect of curcumin on hippocampal injury in
6-ohda-induced Parkinson’s disease rat. Pathol. Res. Pract. 2014, 210, 357–362. [CrossRef] [PubMed]
72. Liu, D.; Wang, Z.; Gao, Z.; Xie, K.; Zhang, Q.; Jiang, H.; Pang, Q. Effects of curcumin on learning and memory
deficits, BDNF, and ERK protein expression in rats exposed to chronic unpredictable stress. Behav. Brain Res.
2014, 271, 116–121. [CrossRef] [PubMed]
Molecules 2018, 23, 2485 13 of 15
73. Hoppe, J.B.; Coradini, K.; Frozza, R.L.; Oliveira, C.M.; Meneghetti, A.B.; Bernardi, A.; Pires, E.S.; Beck, R.C.R.;
Salbego, C.G. Free and nanoencapsulated curcumin suppress beta-amyloid-induced cognitive impairments in
rats: Involvement of BDNF and Akt/GSK-3 beta signaling pathway. Neurobiol. Learn. Mem. 2013, 106, 134–144.
[CrossRef] [PubMed]
74. Mourtas, S.; Canovi, M.; Zona, C.; Aurilia, D.; Niarakis, A.; La Ferla, B.; Salmona, M.; Nicotra, F.; Gobbi, M.;
Antimisiaris, S.G. Curcumin-decorated nanoliposomes with very high affinity for amyloid-beta 1-42 peptide.
Biomaterials 2011, 32, 1635–1645. [CrossRef] [PubMed]
75. Wang, J.Q.; Xiong, T.T.; Zhou, J.; He, H.J.; Wu, D.D.; Du, X.W.; Li, X.Y.; Xu, B. Enzymatic formation of
curcumin in vitro and in vivo. Nano Res. 2018, 11, 3453–3461. [CrossRef]
76. Zhang, C.; Browne, A.; Child, D.; Tanzi, R.E. Curcumin decreases amyloid-beta peptide levels by attenuating
the maturation of amyloid-beta precursor protein. J. Biol. Chem. 2010, 285, 28472–28480. [CrossRef] [PubMed]
77. Rogers, J.; Lue, L.F. Microglial chemotaxis, activation, and phagocytosis of amyloid beta-peptide as linked
phenomena in Alzheimer’s disease. Neurochem. Int. 2001, 39, 333–340. [CrossRef]
78. He, G.L.; Luo, Z.; Yang, J.; Shen, T.T.; Chen, Y.; Yang, X.S. Curcumin ameliorates the reduction effect of
PGE(2) on fibrillar beta-amyloid peptide (1-42)-induced microglial phagocytosis through the inhibition of
EP2-PKA signaling in N9 microglial cells. PLoS ONE 2016, 11, e0147721. [CrossRef]
79. Zbarsky, V.; Datla, K.P.; Parkar, S.; Rai, D.K.; Aruoma, O.I.; Dexter, D.T. Neuroprotective properties of the
natural phenolic antioxidants curcumin and naringenin but not quercetin and fisetin in a 6-ohda model of
Parkinson’s disease. Free Radic. Res. 2005, 39, 1119–1125. [CrossRef] [PubMed]
80. Yu, S.; Zheng, W.; Xin, N.; Chi, Z.H.; Wang, N.Q.; Nie, Y.X.; Feng, W.Y.; Wang, Z.Y. Curcumin prevents
dopaminergic neuronal death through inhibition of the c-Jun N-terminal kinase pathway. Rejuv. Res. 2010,
13, 55–64. [CrossRef] [PubMed]
81. Caesar, I.; Jonson, M.; Nilsson, K.P.R.; Thor, S.; Hammarstrom, P. Curcumin promotes a-beta fibrillation and
reduces neurotoxicity in transgenic drosophila. PLoS ONE 2012, 7, e31424. [CrossRef] [PubMed]
82. Lim, G.P.; Chu, T.; Yang, F.S.; Beech, W.; Frautschy, S.A.; Cole, G.M. The curry spice curcumin reduces
oxidative damage and amyloid pathology in an Alzheimer transgenic mouse. J. Neurosci. 2001, 21, 8370–8377.
[CrossRef] [PubMed]
83. Darvesh, A.S.; Carroll, R.T.; Bishayee, A.; Novotny, N.A.; Geldenhuys, W.J.; Van der Schyf, C.J. Curcumin and
neurodegenerative diseases: A perspective. Expert Opin. Investig. Drug 2012, 21, 1123–1140. [CrossRef]
[PubMed]
84. Frautschy, S.A.; Hu, W.; Kim, P.; Miller, S.A.; Chu, T.; Harris-White, M.E.; Cole, G.M.
Phenolic anti-inflammatory antioxidant reversal of a beta-induced cognitive deficits and neuropathology.
Neurobiol. Aging 2001, 22, 993–1005. [CrossRef]
85. Strong, R.; Miller, R.A.; Astle, C.M.; Baur, J.A.; de Cabo, R.; Fernandez, E.; Guo, W.; Javors, M.; Kirkland, J.L.;
Nelson, J.F.; et al. Evaluation of resveratrol, green tea extract, curcumin, oxaloacetic acid, and medium-chain
triglyceride oil on life span of genetically heterogeneous mice. J. Gerontol. A Biol. 2013, 68, 6–16. [CrossRef]
[PubMed]
86. Liao, V.H.C.; Yu, C.W.; Chu, Y.J.; Li, W.H.; Hsieh, Y.C.; Wang, T.T. Curcumin-mediated lifespan extension in
caenorhabditis elegans. Mech. Ageing Dev. 2011, 132, 480–487. [CrossRef] [PubMed]
87. Purpura, M.; Lowery, R.P.; Wilson, J.M.; Mannan, H.; Munch, G.; Razmovski-Naumovski, V. Analysis of
different innovative formulations of curcumin for improved relative oral bioavailability in human subjects.
Eur. J. Nutr. 2018, 57, 929–938. [CrossRef] [PubMed]
88. Anastacio, J.R.; Netto, C.A.; Castro, C.C.; Sanches, E.F.; Ferreira, D.C.; Noschang, C.; Krolow, R.; Dalmaz, C.;
Pagnussat, A. Resveratrol treatment has neuroprotective effects and prevents cognitive impairment after
chronic cerebral hypoperfusion. Neurol. Res. 2014, 36, 627–633. [CrossRef] [PubMed]
89. Ma, T.; Tan, M.S.; Yu, J.T.; Tan, L. Resveratrol as a therapeutic agent for Alzheimer’s disease. BioMed Res. Int.
2014, 2014, 350516. [CrossRef] [PubMed]
90. Tian, Z.Y.; Wang, J.H.; Xu, M.; Wang, Y.; Zhang, M.; Zhou, Y.Y. Resveratrol improves cognitive impairment
by regulating apoptosis and synaptic plasticity in streptozotocin-induced diabetic rats. Cell. Physiol. Biochem.
2016, 40, 1670–1677. [CrossRef] [PubMed]
91. Karuppagounder, S.S.; Pinto, J.T.; Xu, H.; Chen, H.L.; Beal, M.F.; Gibson, G.E. Dietary supplementation with
resveratrol reduces plaque pathology in a transgenic model of Alzheimer’s disease.Neurochem. Int. 2009, 54, 111–118.
[CrossRef] [PubMed]
Molecules 2018, 23, 2485 14 of 15
92. Albani, D.; Polito, L.; Batelli, S.; De Mauro, S.; Fracasso, C.; Martelli, G.; Colombo, L.; Manzoni, C.;
Salmona, M.; Caccia, S.; et al. The sirt1 activator resveratrol protects SK-N-BE cells from oxidative stress and
against toxicity caused by alpha-synuclein or amyloid-beta (1-42) peptide. J. Neurochem. 2009, 110, 1445–1456.
[CrossRef] [PubMed]
93. Yazir, Y.; Utkan, T.; Gacar, N.; Aricioglu, F. Resveratrol exerts anti-inflammatory and neuroprotective effects to
prevent memory deficits in rats exposed to chronic unpredictable mild stress. Physiol. Behav. 2015, 138, 297–304.
[CrossRef] [PubMed]
94. Wu, Y.C.; Li, X.Q.; Zhu, J.X.; Xie, W.J.; Le, W.D.; Fan, Z.; Jankovic, J.; Pan, T.H. Resveratrol-activated
AMPK/SIRT1/autophagy in cellular models of Parkinson’s disease. Neurosignals 2011, 19, 163–174.
[CrossRef] [PubMed]
95. Coutinho, D.D.; Pacheco, M.T.; Frozza, R.L.; Bernardi, A. Anti-inflammatory effects of resveratrol:
Mechanistic insights. Int. J. Mol. Sci. 2018, 19, 1812. [CrossRef] [PubMed]
96. Wang, M.J.; Huang, H.M.; Hsieh, S.J.; Jeng, K.C.G.; Kuo, J.S. Resveratrol inhibits interleukin-6 production in
cortical mixed glial cells under hypoxia/hypoglycemia followed by reoxygenation. J. Neuroimmunol. 2001,
112, 28–34. [CrossRef]
97. Chen, C.Y.; Jang, J.H.; Li, M.H.; Surh, Y.J. Resveratrol upregulates heme oxygenase-1 expression via activation
of NF-E2-related factor 2 in PC12 cells. Biochem. Biophys. Res. Commun. 2005, 331, 993–1000. [CrossRef]
[PubMed]
98. Zhang, H.Q.; Schools, G.P.; Lei, T.; Wang, W.; Kimelberg, H.K.; Zhou, M. Resveratrol attenuates
early pyramidal neuron excitability impairment and death in acute rat hippocampal slices caused by
oxygen-glucose deprivation. Exp. Neurol. 2008, 212, 44–52. [CrossRef] [PubMed]
99. Timmers, S.; Konings, E.; Bilet, L.; Houtkooper, R.H.; van de Weijer, T.; Goossens, G.H.; Hoeks, J.;
van der Krieken, S.; Ryu, D.; Kersten, S.; et al. Calorie restriction-like effects of 30 days of resveratrol
supplementation on energy metabolism and metabolic profile in obese humans. Cell Metab. 2011, 14, 612–622.
[CrossRef] [PubMed]
100. Zhang, F.; Lu, Y.F.; Wu, Q.; Liu, J.; Shi, J.S. Resveratrol promotes neurotrophic factor release from astroglia.
Exp. Biol. Med. (Maywood) 2012, 237, 943–948. [CrossRef] [PubMed]
101. Rubiolo, J.A.; Mithieux, G.; Vega, F.V. Resveratrol protects primary rat hepatocytes against oxidative stress
damage: Activation of the Nrf2 transcription factor and augmented activities of antioxidant enzymes.
Eur. J. Pharmacol. 2008, 591, 66–72. [CrossRef] [PubMed]
102. Zhang, F.; Shi, J.S.; Zhou, H.; Wilson, B.; Hong, J.S.; Gao, H.M. Resveratrol protects dopamine neurons
against lipopolysaccharide-induced neurotoxicity through its anti-inflammatory actions. Mol. Pharmacol.
2010, 78, 466–477. [CrossRef] [PubMed]
103. Tao, S.F.; He, H.F.; Chen, Q. Quercetin inhibits proliferation and invasion acts by up-regulating miR-146a in
human breast cancer cells. Mol. Cell. Biochem. 2015, 402, 93–100. [CrossRef] [PubMed]
104. Godoy, J.A.; Lindsay, C.B.; Quintanilla, R.A.; Carvajal, F.J.; Cerpa, W.; Inestrosa, N.C. Quercetin exerts
differential neuroprotective effects against H2O2 and a beta aggregates in hippocampal neurons: The role of
mitochondria. Mol. Neurobiol. 2017, 54, 7116–7128. [CrossRef] [PubMed]
105. Padma, V.V.; Baskaran, R.; Roopesh, R.S.; Poornima, P. Quercetin attenuates lindane induced oxidative stress
in wistar rats. Mol. Biol. Rep. 2012, 39, 6895–6905. [CrossRef] [PubMed]
106. Lesjak, M.; Beara, I.; Simin, N.; Pintac, D.; Majkic, T.; Bekvalac, K.; Orcic, D.; Mimica-Dukic, N. Antioxidant
and anti-inflammatory activities of quercetin and its derivatives. J. Funct. Foods 2018, 40, 68–75. [CrossRef]
107. Heo, H.J.; Lee, C.Y. Protective effects of quercetin and vitamin C against oxidative stress-induced
neurodegeneration. J. Agric. Food Chem. 2004, 52, 7514–7517. [CrossRef] [PubMed]
108. Barreca, D.; Bellocco, E.; D’Onofrio, G.; Nabavi, S.F.; Daglia, M.; Rastrelli, L.; Nabavi, S.M. Neuroprotective
effects of quercetin: From chemistry to medicine. CNS Neurol. Disord. Drug Targets 2016, 15, 964–975.
[CrossRef] [PubMed]
109. Dajas, F.; Abin-Carriquiry, J.A.; Arredondo, F.; Blasina, F.; Echeverry, C.; Martinez, M.; Rivera, F.; Vaamonde, L.
Quercetin in brain diseases: Potential and limits. Neurochem. Int. 2015, 89, 140–148. [CrossRef] [PubMed]
110. Bournival, J.; Quessy, P.; Martinoli, M.G. Protective effects of resveratrol and quercetin against MPP+ -induced
oxidative stress act by modulating markers of apoptotic death in dopaminergic neurons. Cell. Mol. Neurobiol.
2009, 29, 1169–1180. [CrossRef] [PubMed]
Molecules 2018, 23, 2485 15 of 15
111. Moreno, L.C.G.E.I.; Puerta, E.; Suarez-Santiago, J.E.; Santos-Magalhaes, N.S.; Ramirez, M.J.; Irache, J.M.
Effect of the oral administration of nanoencapsulated quercetin on a mouse model of Alzheimer’s disease.
Int. J. Pharm. 2017, 517, 50–57. [CrossRef] [PubMed]
112. Roy, A.; Saraf, S. Limonoids: Overview of significant bioactive triterpenes distributed in plants kingdom.
Biol. Pharm. Bull. 2006, 29, 191–201. [CrossRef] [PubMed]
113. Tsamo, A.; Langat, M.K.; Nkounga, P.; Waffo, A.F.K.; Nkengfack, A.E.; Mulholland, D.A. Limonoids from
the West African Trichilia welwitschii (Meliaceae). Biochem. Syst. Ecol. 2013, 50, 368–370. [CrossRef]
114. Zhang, Q.; Li, J.K.; Ge, R.; Liang, J.Y.; Li, Q.S.; Min, Z.D. Novel NGF-potentiating limonoids from the fruits
of Melia toosendan. Fitoterapia 2013, 90, 192–198. [CrossRef] [PubMed]
115. Yu, J.C.H.; Min, Z.D.; Ip, N.Y. Melia toosendan regulates PC12 cell differentiation via the activation of protein
kinase A and extracellular signal-regulated kinases. Neurosignals 2004, 13, 248–257. [CrossRef] [PubMed]
116. Yoon, Y.C.; Kim, S.H.; Kim, M.J.; Yang, H.J.; Rhyu, M.R.; Park, J.H. Limonin, a component of dictamni
radicis cortex, inhibits eugenol-induced calcium and cAMP Levels and PKA/CREB signaling pathway in
non-neuronal 3T3-L1 cells. Molecules 2015, 20, 22128–22136. [CrossRef] [PubMed]
© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).
